Introduction
Osteoporosis is a common, often asymptomatic and therefore insidious condition that affects approximately half of all British women [1] . The consequences, primarily fractures, represent a significant burden to society. Over 310,000 women present to the National Health Service with a fracture each year, of whom ∼70,000 have hip fractures and 70,000 have wrist fractures [2] . Osteoporotic fractures are expensive, with direct medical costs estimated at £1.8 billion in 2000 in the UK [3] , but additionally through their social sequelae. Population ageing will likely escalate these costs.
Any bodily movement that contracts skeletal muscle and expends energy is termed physical activity (PA). PA is often achieved through physical exercise, a planned and purposeful pattern of PA. Regular PA conveys distinct health benefits, and the UK government now makes specific recommendations towards improving national health: 30 min, 5 days/week. But currently, only 24% of adult women are active enough to gain a health benefit [4] . The Department of Health highlights a potential 25% reduction in falls from strength exercise; however, optimal activity types and intensities have not been defined [4] . Physical exercise may reduce fracture risk through several mechanisms: muscle strength attenuating sarcopenia, balance, psychological pathways and bone strength.
But the relationship between PA, falls and fractures is complex and the evidence mixed. A meta-analysis of observational studies has shown that PA is associated with reduced hip fracture risk, but it has also been suggested that this may be at the expense of increased wrist fracture risk [5, 6] . Randomised trials of PA are difficult to conduct, but there is evidence that promotion of brisk walking may reduce bone mineral density (BMD) loss at the hip, but at the cost of an increased risk of falling [7] .
The margin between effective PA and risky activity may be narrow, especially in vulnerable elderly individuals. It remains unclear whether PA reduces all fractures, or whether one fracture type is avoided at the expense of another. This study examines the association between graded PA and the occurrence of hip and wrist fractures in older women.
Methods

Participants
The British Women's Heart and Health Study (BWHHS), a prospective cohort study, sampled 4,286 women (60% response rate) aged 60-79 years, by random selection from general practitioner (GP) age-sex lists, from 23 towns across the UK. Baseline data were collected between April 1999 and March 2001. Women completed a detailed questionnaire regarding socio-demographic, lifestyle and health factors, and had a research nurse-led interview collecting more detailed disease information, drug history and anthropometric measurements. Those wishing to attend but restricted by mobility were offered transport to the study centre. In addition, GP notes were reviewed and details of major diseases extracted. Full details of data collection have previously been reported [8] . Two-yearly GP record reviews were conducted, and postal questionnaires were used in 2003 and 2007. Mortality records were also obtained from the Office of National Statistics central registry. Full ethics committee approval was obtained for this study.
Physical activity
At baseline, women were asked their usual duration of various activities: walking, cycling, fitness classes, aerobics, swimming, jogging, tennis, golf, running, squash, bowls, and light and heavy gardening. PA questions were similar to those in the British Regional Heart Study [9] and have previously been successfully employed [10] . A composite PA variable was derived utilising all available data from 18 PA questions. Categorisation was based upon levels of activity vigour and duration (see Table Appendix 1 available as supplementary data in Age and Ageing online). PA measures were compared with baseline resting pulse rates (excluding those on rate-slowing medication), body mass index (BMI) and waist/hip ratios to validate PA scores. PA was found to have a strong inverse linear association with resting pulse rate, BMI and waist/hip ratio (P<0.001 for all). Reported PA levels were compared between winter and summer, with the season when the baseline questionnaire was completed, to assess possible recall bias. More arduous PA was reported when baseline questionnaires were completed in winter rather than in summer months (χ 2 P=0.037).
Fractures
Women were asked if they had ever fractured their hip and/ or wrist, with fracture dates, at baseline and follow-up. Incident fractures included women reporting a hip or wrist fracture at the 2007 follow-up who had not reported a hip or wrist fracture, respectively, at baseline. Death certification ICD codes were reviewed for death secondary to hip or wrist fracture. Occurrence of second fractures was determined by comparing fracture dates at baseline and follow-up. A combined outcome of incident hip and/or wrist fracture was derived using the first-occurring fracture as the endpoint.
Co-variables
We considered that the relationship between PA and fracture may be confounded by age, alcohol consumption (heavy alcohol intake, a proxy for malnutrition, was included [11] ), life course socio-economic position (SEP) [12] , smoking, co-morbid chronic diseases (cumulative chronic disease score derived; 0-10 using the following diseases: coronary heart disease and other circulatory diseases, hypertension, diabetes mellitus, thyroid disease, asthma and/or bronchitis, depression, glaucoma and/or cataracts, arthritis and postural hypotension) and adult leg length, a valid indicator of early environmental circumstances, particularly childhood nutrition [13] . Falls history and previous fracture were considered potential modifiers of the effect of PA on subsequent fracture risk. BMI (standing height without shoes to the nearest millimetre; weight in light clothing to the nearest 0.1 kg) and balance were considered to lie on a causal pathway, as PA is associated with lower levels of obesity, which in turn alters fracture risk, as does better balance. Balance was assessed using three questions ('yes'/'no' responses) relating to current difficulty 'bending down', 'straightening up' or 'keeping your balance'. A cumulative balance score was derived (0-3; 0 = no balance problems and 3=problems in all three domains). Falls history, if found not to interact with PA, was also considered to lie on the causal pathway.
Statistical analysis
Baseline cross-sectional data were used to assess the prevalence of previous hip and wrist fracture. We used multiple logistic regression to assess the association between PA and prevalent fractures. A Cox proportional hazards model was used to assess the association between PA and incident hip/wrist fractures combined. The cohort was ordered by age, rather than calendar time, as fracture risk increases with age. Contributions to risk were censored at death, fracture or the end of the follow-up period (1 June 2007) in those alive and fracture free. Formal likelihood ratio tests (LRT) for departure from the proportional hazards assumption were used. No evidence of departure from proportionality was detected for any variable.
All multivariable regression analyses were conducted on the 3,003 (70%) women who had complete data for the variables of interest, and were modelled using a 'hierarchical approach' [14] . A priori confounders were included in the model; other potential confounders were assessed sequentially. Interaction terms were fitted separately to determine statistical evidence for a difference in the effect of PA between fallers and non-fallers, and experience or not of a previous hip/wrist fracture. The final model was then adjusted for factors on the causal pathway (BMI, balance and, if evidence for interaction was lacking, falls). Any observed association between PA and fracture would be expected to disappear after this adjustment if the association was completely mediated by these channels.
All analyses were performed using Stata version 10 statistical software (2007; Stata Corporation, TX, USA).
Results
Of the 4,286 participants, 3,003 (70%) had complete data for analysis. These women were more physically active (P < 0.001), more likely to be married (63.9 vs 60.5%, P<0.001), were marginally younger (69.1 vs 69.4 years, P=0.015) and were less likely to currently smoke (10.1 vs 11.6%, P=0.062) than those without complete data.
Women had a mean age of 69. 2 ). The majority (84%) had no co-morbid chronic diseases and only 5.1% reported drinking more than the recommended 14 U/week; however, rather more reported daily drinking (18.9%). Only 10.1% currently smoked, with the majority (57%) never having smoked (Table 1) .
The majority of women reported minimal/limited activity (55.8%), with 5.4% reporting no activity and 7.8% being very active. PA was strongly associated with age; mean age 67.4 (95% CI: 66.9, 67.8) years in the most active group compared with 71.4 (70.6, 72.3) in the inactive group (P<0.001, linear regression). Furthermore, PA was associated with balance, falls, BMI, leg length, SEP, alcohol, marriage but not smoking (P=0.159) or age at menopause (P=0.717). PA was inversely associated with chronic diseases and was specifically associated with coronary heart and other circulatory diseases (χ 2 P<0.001 for both) and diabetes mellitus (P=0.015).
Fracture prevalence
At baseline, 409 women had previously fractured their wrist (13.6%) and 40 their hip (1.3%), giving an overall prevalence of 14.6% (n=437). Age, falls and balance were associated with wrist and hip fractures, individually and combined. There was no strong evidence of association of prevalent fracture with SEP, smoking, alcohol consumption or leg length. A chronic disease score ≥5 was strongly associated with prevalent wrist fracture. Being married was associated with a reduction in prevalent hip fracture, and hip and wrist fractures combined. There was weak evidence showing that later menopausal age is associated with fewer prevalent wrist fractures, but not hip fractures. There was also weak evidence supporting a trend towards increased BMI associated with fewer prevalent hip (but not wrist) fractures (Table 1) .
Increasing PA was associated with decreasing odds of hip fracture, and after adjustment for confounding by marital Increasing levels of PA were not associated with odds of wrist fracture, and after adjustment for confounding by menopausal age and a priori confounders, the point estimate increased but confidence intervals were wide (Table 3) . No evidence of interaction between falls and PA was detected (P=0.633). Further adjustment for causal pathway factors did not materially affect the association between PA and wrist fracture (P=0.454).
Increasing PA was not found to be associated with combined hip and wrist fracture prevalence, which was unchanged after adjustment for a priori confounders (P=0.823). No evidence of interaction between falls and PA was detected (P= 0.790) (data not shown). (Table 2) . Falling was strongly associated with incident fracture rates (P = 0.007), as was increased leg length (P=0.019). Previous hip and wrist fracture experience was associated with increased incident fracture rate, compared with previously fracture-free women (Table 3) . Adjustment by potential confounders attenuated the crude associations, although the pattern of association remained. No statistical evidence of interaction between falls and PA was found (P=0.507). After further adjustment for causal pathway factors, the lack of association remained (P = 0.817) (data not shown).
Evidence was detected of modification by previous hip fracture experience on the effect of PA relating to incident fractures of the hip/wrist (P = 0.046). Stratum-specific IRRs (see Table Appendix 2 available as supplementary data in Age and Ageing online) suggest that in women who have never fractured their hip, PA is associated with an increased incident hip/wrist fracture rate, whereas in women who had previously fractured their hip, PA is associated with reduced incident fracture rate. However, confidence intervals are wide and overlapping, and sample sizes are small. Previous wrist fracture was not found to interact in this way. Balance score: balance was assessed using three binary questions relating to current difficulty 'bending down', 'straightening up' or 'keeping your balance'. Cumulative balance score derived (0-3). 
Discussion
Evidence of an association between PA and fracture, specifically the hip, was found; however, this was largely explained by confounding factors. Unsurprisingly, falls and balance were strongly associated with fracture risk. Whilst the adjusted point estimates for hip fracture risk suggested a protective effect of increased PA, the opposite was sug- Balance score: balance was assessed using three binary questions relating to current difficulty 'bending down', 'straightening up' or 'keeping your balance'. Cumulative balance score derived (0-3). Table 3 . Crude and adjusted odds ratios, and age-specific and adjusted incidence rate ratios for the association between physical activity and hip and wrist fractures, in postmenopausal British women gested for wrist fractures. Whilst non-significant, this trend concurs with other observational studies, albeit limited as regards their confounder adjustment, which have found high activity levels associated with reduced hip fracture risk, with non-significant trends towards increased wrist fracture risk [15] [16] [17] , potentially due to adoption of more risk-prone behaviour and/or changes in falling patterns, with attempted avoidance by extending an outstretched hand [6] . In addition to our abilities to measure falls and fracture risk and to adjust for multiple confounders, this study benefited from prospective data collection, limiting recall bias, in a large cohort of postmenopausal women from 23 towns chosen to represent the geographical, socio-economic and cultural variation across the UK, sampled to maximise generalisability of results. The response rate of 60% reduces generalisability, but is not inconsistent with other large contemporaneous epidemiological studies [18] . Transport provision for those with restricted mobility attempted to limit selection bias. Non-response and misclassification biases, inherent to self-reporting by questionnaire, and potential residual confounding from familial fracture history and vitamin D status cannot be excluded. Although we were able to adjust for menopausal age, lack of data regarding hormone replacement therapy use and calcium intake are study limitations, as residual confounding cannot be excluded. Data on the precise month of fractures were not available, so recall bias due to seasonality could not be assessed, and in general more fractures are reported to occur in wintery conditions [19] .
This large cohort study provides fracture prevalence and incidence estimates comparable to published data [1, [20] [21] [22] , however, it remained underpowered owing to a low fracture number. Our PA score compared well with objective anthropometric measures and, as expected, was strongly associated with balance, falls, SEP, chronic disease, alcohol consumption and age. Our findings concur with the known inverse relationship between age and PA, which further validates our PA score. Use of METS (a unit of metabolic equivalent; ratio of working metabolic rate relative to resting metabolic rate. 1 MET = 1 kilocalorie/kg/h, the caloric consumption at complete rest) has been advocated as a valid and reliable PA scoring method [23, 24] ; however, it was derived from 20-to 40-year-old women weighing 70 kg [25] and hence was inappropriate in this context. Validation with PA monitor data was not possible, but would be the gold standard and is currently being evaluated in the BWHHS. An international and well-validated questionnaire designed to assess historical physical activity is currently lacking [26] . Power further constrained assessment of differential effects of different PA types.
The relationship between PA, falls and fractures is complex and the evidence mixed. Generally, PA can influence fracture risk directly through effects on BMD and indirectly through balance and falls, which in turn affect fracture risk. Continuous bone remodelling replaces microdamage and adapts bone density and shape to the patterns of forces it endures. Whilst immobilisation causes bone loss, PA can attenuate age-related bone loss. BMD is better maintained by active adults; however, at best PA marginally increases BMD [19, 20] . Brief rapid-onset, high-intensity, uncommonly distributed strains may stimulate an important osteogenic response to maintain BMD. Alternatively, falls risk may be reduced by specific muscle strengthening and balance training, which preserve muscle strength, delaying age-related sarcopenia and maintaining neuromuscular function and hence balance. However, increased PA, via adoption of more risk-prone behaviours and increased exposure to environmental hazards, may increase fracture risk amongst adults of all ages [27] . Adverse psychological sequelae, the 'fear of falling', often prompt the adoption of reduced and more cautious PA which in turn can further increase falls risk. Moreover, high-intensity training may be deleterious to immune function and those with poorly controlled cardiovascular disease [28] .
No evidence was found of a statistical association between PA and incident hip and/or wrist fractures in adjusted models. The women reporting no PA had the lowest fracture risk, and a non-significant trend was seen with the highest fracture incidence occurring in the minimal physical activity group compared with inactive women, and as physical activity levels increased, the incidence of fracture declined. With increasing PA, women with a previous hip fracture had a reduced risk of new fracture, whereas hip-fracture-free women had an increased incidence of new fracture. This interaction may, in part, explain why an association was not seen overall. Hip fracture invariably requires hospital admission and rehabilitation. Post-operative physiotherapy teaches optimal, safe methods to maintain activity, promoting future fracture avoidance.
This study adds generalisable measures of prevalent and incident hip and wrist fractures amongst postmenopausal British women to a limited body of published work. This study, which included comprehensive consideration of confounders, has not demonstrated a clear association between PA and improved bone health, purported by some health advisory groups [2, 29, 30] . Postmenopausal osteoporotic fractures are common, with onerous medical and social consequences. Improving PA seems an intuitive and appealing solution, but optimal cardiovascular activities may not correspond to similar musculoskeletal benefits. Fracture mechanisms and sites follow different epidemiological courses, as do primary and secondary fractures. Although heavily implicated, balance and falls do not necessarily mediate all fracture risk. The margin between effective and risky activity may be narrow, especially in vulnerable elderly individuals. It remains unclear what type and degree of PA is optimal to limit falls and fractures, and even whether PA similarly affects fall and fracture risks. Establishing the determinants of optimal PA will have major consequences for future health policy. Very large prospective observational studies are required to disentangle the precise effects of different physical activities upon different fracture types and potentially large randomised controlled trials to elucidate causality.
Key points
• No clear association was seen between physical activity and hip and wrist fracture risk.
• 13.6% of women had a prior history of wrist fracture and 1.3% of hip fracture.
• Over 7 years, the crude incidence rate of wrist and/or hip fracture was 7.0 [5.9, 8.2] per 1,000 person-years.
• Increased physical activity may reduce hip fracture risk, but at the expense of increased risk of wrist fracture.
• Very large prospective studies are needed to disentangle the precise effects of different physical activities on fracture types. 
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